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STRU;CTURE AND ION TRANSPORT IN POLYHER-SALT COMPLEXES

D.F. Shriver., B.L. Ifapke 5. 1.A. Ratnera, R. Dupona, T. Wongb, and M. Brodwilnb

partment ofi Chemistry, bDepartment of Electrical Engineering, and
olb~atcrials Research Center

Norhtwestern University, Evanston, IL 60201 U.S.A.

Polymer ,slctrolytes based on alkali metal complexes of polyethers and cross-linked
polyethers have significant cation mobility, which appears to arise from large-
amplitu(,t: motions of the polymer. High chain flexibility not only promotes ion
•transpoJt but it al:fo is important for the initial formation of polymer-salt
complexes. Several new polymer electrolyte systems are discussed which contain
flexibl'e polymer backbones and high concentrations of polar groups.

'lTRODUCTION atoms to alkali metal cations. The formation
of solid polyether salt complexes fits well

Tb synthesis and characterization (1-4) of into this general pattern.
ralvent-free alkali metal salt complexes of
';ply(ethylcne o.ide), PEO (1). prompted de- If we make the approximation that entropic fac-
tailed electrical measurements with the thought tors, polymer reorganization energies, and
that these materials mighl prove to be useful residual cation-anion coulombic energies are

electrolytes.for high eneigy density batteries constant for the formation of the various poly-
(5,6)." One potential advintage of polymer elec- mer salt complexes, for any given polyether and
trolytes is that they shoild conform to solid any given cation tho formation of complexes
electrodes throughout chaiging and discharging should closely correlate with lattice energies,
cycles, and therefore facilitate the develop- of the alkali metal salts. As shown in Table
ment of new high energy d,!nsity solid state 1, this type of correlation does have general
batteries. There are nany fundamental aspects validity, since complex formation is restricted
of polymer electrolytes which ace ripe for to the salts of a particular cation which are
investigation: the chemical variables which below a threshold lattice energy. In keeping
influence electrolyte formation, the relation- with this generalization, the lowest lattice
ships between structure of the polymer elcctro- energies and the highest propensities toward
lytes and ion transport, and the detailed mecha- complex formation are found for alkali metal
misms for ion transport. This paper surveys salts having large anions, such as I-, C104-,
secomplishmen-s in the field of polymer electro- and S03CF3-.
Ittes, with' sa emphasis on polymer-salt complex
16rmation and ion transport mechanisms as The stoichiometry of polymer-salt complex for-
evealed by thme coc-parison of various response uation cannot be defined with the precision
,pperties of the polymer electrolytes. This characteristic of the phase relationships for
aocount will lmt cover any of the solvent swol- most simple inorganic systems. Nevertheless,
I,0 polymer e~ectrolytes, such as traditional an approximate limiting stoichiometry around 4
ic.exchanger!.m or solvent containing polym .r moles of polyether oxygen per mole of alkali
meibranes (7,1l. metal salt is observed for many of the polymer-

salt Interactions (1,5,8). Recent research in

OCN-CC 2- war laboratory provides a number of examples in
which higher salt concentrations are possible,

(x) smch as PEO-3.SNaBH4 . This higher salt concen-
lly(ethylene oxide) treation may arise from the partial filling of

the coordination sphere of the Na* by tight ion

POLVER-SALT C)MPLEX FO*LATION pairing with the 1114- anion. Evidence for such
Ion pairing is available from both conductivity

Simplet, ethers lod short-chain polyethers are and spectroscopic measurements (9). By con-
sll khown as .olvents foi alkali metal %.slts, trast, the NaJB(C6115 )41 complexes with PFO

&%d cyclic ethers (crown Pthers) are effective which we have prepared to date have on the
,umplesing agents for alkali ,,'tat cations. order of 7:1 ratio of ether oxygens to alkali
rurthe.more, complex formation betweein hir.h metal ion. Presumably, in this cas. the bulk
stikculir wei,;h- plvetheoiq AdI alkali metal of the counter ion, R(C6115) 4 , prohibits the

6 dts is know,,n l1 occ.,r iti ok-thanot smltition formation of complexes with higher concentra-
(31%. 'it all of these ..caa tl,' dominant inter- tions of salt.
cmtlon is tile colrdination 101 ether oxygen

.
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Table 1. Comparidon of EO-Salt Complex This method will in principle lead to the ther-
Formari.n with Lattice Energies of the monynamically stable polymer complex of maximum
Pure Saltg.a.b salt content, providing that the polymer is not

swollen by tie solvent and that the relaxation
Lt* NO K+ Rb+ Cs* of the polymer chains is complete. Ocher

mehods for complex formation include the

No 'o No No No removal of solvent from a solution containing

T7 1036 923 821 785 740 the polymer salt complex (1,5), and dissolving
V • .fine partieles of the salt in the solid or the

Yea No No No No molten polymer.
C1- 853 786 715 689 659

As research on polymer electrolytes progresses
- No - - - toward more precise determinations of electri-

CM3 0- 881 763 682 656 (682) cal properties, greater attention will have to

be paid to the influence of impurities. Com-
- No - - No mercial polymers often contain significant con-

N03-  848 756 687 658 625 centrations of impurities, such as catalyst
residues and water. For example, poly(ethylene

- No - - - oxide) contains several per cent of inorganic

302 - 748 664 765 (598) impurities, the majority of which can be
removed by passage of an aqueous solution of

Yes Yea No No No the polymer through a mixed bed ion exchange

Ir- 807 747 682 660 631 column (10). In addition, the PEO salt com-
plexes are hygroscopic, with the lithium salt

- No - - - complexes being particularly so. Water has
N3" 818 731 658 632 604 been shown to have a large influence on the

electrical properties of some lithium complexes
- Yes - - - (11), therefore systematic control and moni-

B 4  (778) (703) (665) (648) (628) toring of water content is important. infrared
spectroscopic detection of the broad and

Yea Yes ? No No intense water features around the 3,300 and

757 704 644 630 604 1,600 cm
-1 

regions provides a sensitive probe
for the presence of adventitious water.

Yes Yes Yes Yes Yes
SCK" 807 682 616 619 568 NEW POLYMER-SALT COMPLEXES

Yea Yes - - - Poly(propylene oxide) and poly(epichlorohydrin)
Ct%- 723 648 602 582 542 have received attention as host polymers for

alkali metal salts. As with poly(ethylene

Yes Yes Yes Yes Yes oxide), all of these systems are ba3ed on a

CF3SO3 - ((725) (4650) (4605) ((585) (4550) backbone of ether oxygens separated by two-

carbon moieties (structures 1, I, and 111).
Yes Yes - - -

Yes Yes Yes Yes Yes
SPhE (4700) ((630) ((630) ((600) (C550) (1) "ut)

Poly(epichlorohydrin) Poly(propylene oxide)

8No - no solvent free complex formed; Yes -

solt'ent free complex formed; VAlues in paren- Samples of (1i1), which have been investigated

theaes are either theoretical or estimated in Armand's laboratory, and (i), which have

lattice energies, been investigated in ours, were commercial

stactic materials which produce amorphous com-
bCcuiplex formation data is from reference (8) plexes. Experiments with stereoreg.,lar ana-

or tie present work. Lattice energies are in logues of these materials should provide useful
LJ/mele fto Jetkins, H.D.B. and Waddington, clues to the steric factors which govern poly-
T.C., as quoted in The CRC Handbook of mr-salt electrolyte formation. With the

Chemistry and Vhysics, volume 61, Chemical possible exception of poly(epichlorohydrin) the

Rubbicr Publishing Co., Cleveland Ohio, 1980-81. polyethers are attractive because they should
exhibit a high degree of chemical inertness.
The experimental situation with respect to the

stability of the polyether electrolytes is
unsettled. Armand obnerved a 4V stability

One alaractve t aethod for the preparation of range for PEO-I liO3CF31 (12) and he reported
compexes havbv*e maxim,,m saft concentration that the PEO-Lit electrolyte is stable to Li as

is the exposure of a polymer film to a saturated judged by cyclic voltammetry (5), whereas

soluticia of the al-t in a solvent in which the Archer and Armttrong present some evidence fee

pure polymer and the complex are insoluble, the formation of a resistive layer at the Li-
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monitoring of impaecities such a8s N2 (which
forms a nitridc 'sith 1i) and I"O will be par- The structures of pure poly(etitylenc oxide) and
Alcutarly iispm-crtnt in the d.'.!riination of the of a lipCl2-I'EO complex are known from X-ray
stability of twe~e electrolytes, structure determtinat ions combined with vibra-

1 tionni spectroscopy (16.17). Tile pure polymer
*A sat of general polymer attributes which consista of an extended helix, having a fiber
.should. bc cnd~ucive to polyme.-r-sal enispiex repeat distance of 19.48 A, and the mercuric
'formiation is preqen~ed here,-slightly modified chloride complex consists of a zipzar, polymor
firan the orig ip.i aI form ( 10) : I1. The polIymecr backbone with oxygen atoms coordinated to veer-
shlauld have a high concentrntion of polar cury. A similarly detailed X-ray anillysis of
groups, which will effectively solvate the the alkali metal salt complexes of PEO has not
cation and/or anion. 2. Thle: polymer backbone been carried out. In their original work on
slould be highly flexible ca. permit polymer the rEO complex with KSCN, Fenton. Parker, and
rcorganization and cation activation. 3. in . Uright determined all X-ray fiber repeat dis-
gvmneral thle polymer should have a low cohesive tance of 8.1 A (1). More recent detailed infra-
emergy density to produce a favorable free red and Raman spectroscopic data have revealed
energy change upon polymer-salt interaction, several structural features (10). Mid-infrared
Tgctors 2 anuLW3 are associated with properties data indicate that thle OC112-CH120 moieties
such as low ;jlass transit ion temperatures, T, assume a -gauche conformation- Raman data in a
:ad low melti~ng points, similar frequency range provide evidence for a

symmetrical breathing mode chiractcristic of
Meentially effective polar groups for polymer On-NJI stretching motion, and the far-infrared
electrolytes are suggested by thle functional displays bands which are characteristic of
g.oups found it% polar organic solvents such as translational modes for alkali metal ions in a
alfones, sulfoxides, nitrilca, eters, amides, solvent cage. Significantly, these latter
Muines, imires, ketones, and sulfides. Unfor- features scale approximately as the square root
tinately vor~t of these groupai are more electro- of the mass of the alkali metal ion and are
:hemuically active than ether linkages. Initial independent of the nature of most anions. A
insults front studies in our laboratory on new structural model which is consistent with theie
RD:st materials containing some of these polar vibrational data and the X-ray fiber repeat
groups have produced encouraging indications distance is A sequence of trans(CC-OC),
that rmany.nevw polyiner electrolytes may be pre- trans(CO-CC), gauche(OC-CO), trans(CC-OC),
pared. The most thoroughly studied new polymer trams(CO-CC), and gauche-minusCOC-CO) coatfor-
host is polr(etitylene succinate), IV, which his nuttions. This results in a helical configura-
been found to form complexes with LiCIIF4 1, tion having an interior channel lined with
Li(CF3C021, LiCSO3CF3I, and Na[S03CF3 J, either oxygen atoms, and large enough to accom-

mdate a K* ion (10). A view down this helical
0 0 tuossel is given in Figure 1. The anions appearI -=C2CHlOCC1I2CII2C-

loly~ethylene succinate)

Ceiplexes hwaving 2:1 polymer repeat units per ~ *.... .

formula unit-- of salt have been prepared and 'N
there are Spod indications that higher salt
cncentrations can be achieved. Conductivities
on thle order- of 1.3 x 10-7 ohm-I cm-I were
ilbtained for- the Li[BF4] salt at W1C. A quite
lifferent series of complexes was prepared from
iply~ethylene sulfide), V. or poly(propylene -'e
inlfide). VI, with silver salts such as AC(M03 1
a41 A91S03CFAJ. The 5:1 poly(ethylone sulfide)-
At1S03CF3 1xc0Olex displayed a conductivity of
about 4.6 1 io hm-l cae at 65'C.

(V) 00vi

ydvethylenc sulfide) Poly(propylene sulfide) qelr~

Am interest ln~p Ar approach to polymeric con-
dhstors is th.-'use of cross- linked ti,tworhit of
100s 11lecular m'i'ght poly(eti-tl.'ne oxide) into
which a salt i.-i intro,.,'I .,l The intent Filture I~ View down the axis of the proposed

I A'.I I" with theae mate uiAls is to achie've a comhinnt ion helical configuarat ion for tile 1,F. btickbone in
or 1iux. '.. 0,) po mchanicA slid electrical prd~erties. its coomplexe with sodium salts.



so lie out-sid the helix., with no direct process. From en.rg.e ic con ideratios it
cat ion-anion cont.t, in mst r.,., s. The lack O,,e'iara 11,1t likt,|V thelt the eat ion ft've with-
off cry:t.illitnity for the1' ru|id'.li t .11,I resilm e t hr".. ki nP M 51V CIt ion-OXv);'s inL.r.lt ionsll
Sa14 complexes is c(Vi5tent w,,.ith this mdel (22). Thts lar~te .,ant.e it a ,t, ,,ilyr se',.'ut
b,raiee the hetical chan.,. is too siai to %notionA comple' with the brckinr ,nd t aki ng of
iueonmmodate these cations. one or. poAssibly two cstlum-o y,'n'intrraetions

per ration provid.s a a.inas of cation transport
i double helix of intertwined P1:0 chains has which is quite unlike the hopping mechanism corn-
been proposed to accommodate recent estimates manly observed for simple inorj'anic electro-
tif the unit cell dimensions for Pt0.NaSCN lytes. Th importanc, of the gla.-s transition
obtained from X-ray diffraction ou oriented temperature, an therefore the polymer segmental
polycrystalline material (18). This particular motion, has been demonstrated expcrihnonatally for
model, however, places some of the 0C112 -C11 2 0 the polyurethatie-type polyether network corn-
groups in a nearly eclipsed confir ration which plexes (23), for which the g.lass transition tea-
would suffer from unfavorable repulsion of non- perature can be varied widely. There is a clear
bonded atoms. The structures of polymers are indication that a fruitful approach to increased
always difficult to determine and these complex ion mobility in polymer electrolytes is to seek
systems are particularly so. systems in which Tg is as low as possible.

CONDUCTIVITY AD ION TRANSPORT M4ECHANISMS Even though linear log o vs I/T plots are ob-
tained for crystalline polymer complexes, such

Transference number measurements at 23.5*C for as PEO with lithium, soditum, and potassium salts,
PEO.NaSCN detonstrate that t(Na +) is very close it appears likely that polymer motions are
to 1.0 (19), and unpublished .iJ results indi- strongly coupled to the ion transport process in
cate that t(Li*) > 0.95 for a polvecher lithium these materials as well. Microwave measurements
electrolyte (8). In addition, a variety of indicate that the highly crystalline complexes
evidence indicates that anions have finite but. exhibit strong conductive response in the Clis
very small.mobilities in these materials. For region which is comparable to that of pure PF()
example, complexes can be formed fro solid (24) and this response is attributed to high
salt plus solid polymer and conversely a second, frequency segmental motion of the polymer back-
salt phase can be observed to form below the bone. Below 1 ,IIS the ion containing polymer
melting range of some salt-rich complexes. has much higher conductivity than the pure

polymer, Figure 2. This observation affords
The simplest temperature dependent conductivi- evidence that in the crystalline PEO salt com-
ties are exhibited by highly crystalline com- plexes the low frequency ion motion is assisted
plexes such as those between sodium salts and by higher frequency polymer motion.
PEO. The early reports on these materials gave
two linear segments in the log a vs l/T plots
(2,20). Recently independent research in two
laboratories has demonstrated that the two-
slope behavior disappears when the conductivity
experiments are performed on fully complexed
materials (9,18). The break observed in the
original reports on the low salt materials is
close to the melting temperature range of PEn,
and the interpretation which we prefer is that PEO
this break is associated with the melting of
residual pure or lightly doped PEO. 0 - PEO CN.

The non-crystalline polymer electrolytes such
as those of poly(propylene oxide) alkali metal EIO
lts or PEO with rubidium or cesium salts, V
display curved log a vs I/T behavior (21). Theempirical Vor-el-Tamman-Fulcher equation. 1.bIO /
which describes transport properties in viscous 0
media, appears to fit the temperature depn-

dance of the ionic conductivity very well (21). o 22C

A €5
a- 7V expi- '5'

In this equation A, R, and To are empirical 10MHz 0IGIz IGHz 10GHz
4onetants, with To corresponding fairly closely f
to the glass trtmsition temperattirp, T., of the
polymer coviplnie. This fituct innAl ,dope.ndence ma.y
be described by . mndel in whicli f, tion of the Figure 2. Variable frequency conductivity of
polymer chain ik crucial for the ion transport posre rP -- and 4.5PE0.fHaSCN -.
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